Abstract Panax ginseng, commonly known as ginseng, is a well-known medicinal plant that has been used as traditional medicine in China and Korea. Research in the past few decades supports the pharmacological effects of ginseng. For example, ginseng roots (extracts) exhibit multiple medicinal effects, such as anticancer, antiaging, and protection against circulatory shock, in humans. In this review, we summarize the progress made so far in the ginseng proteomics, starting from sample preparation to establishments of proteomes and databases. Both gel-based (1-DE and 2-DE in combination with LC-MS/MS) and gel-free proteomics technologies have been applied on wide range of samples, collected during different growth and developmental stages and under normal or adverse stress conditions. In particular, comparative proteome analysis has been carried out to investigate the protein profiles of Oriental, American and Indian ginsengs using majorly root and leaf tissues. Moreover, identification of stress-responsive proteins was a key focus that led to the detection of some of the common proteins such as heat shock protein (HSP), ATPase, enolase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and ribonuclease/ginseng major protein (GMP). Acquired proteomicsbased knowledge has been very fruitful in providing better insight into the ginseng biology, opening a door for comparative and translation research of other important medicinal plants. However, due to the fact that proteins undergo various post-transcriptional and post-translational modifications, obtained proteomics data do not always complement the transcriptomics data perfectly; therefore, future efforts would require the utilization of an integrated/holistic molecular-genetic (or omics) approach to explore the biology of this golden plant.
Introduction
Ginseng is a slow-growing perennial plant, belonging to the genus Panax of the Araliaceae family. Etymologically, it was named ginseng because of its root shape resembling the human body [1] . Moreover, the genus name Panax [pan-(all) ? axos (cure)] was derived from Greek word ''panacea,'' which means ''cure-all'' [1] . As the genus name indicates, ginseng exhibits several medicinal properties and hence used as a traditional medicine in Asia for thousands of years. According to the Dongeui Bogam (Korean clinical pharmacopeia, written by a well-known Korean herbalist, Huh Joon), ginseng was used as an herbal medicine for curing 23 diseases and was included in 653 (16.6%) of total 3944 prescriptions [2] . Ginseng exhibits diverse therapeutic effects such as antihyperglycemic, antiobese [3] , aphrodisiac and adaptogenic effects [4] , and neurotherapeutic efficacies in neurodegenerative diseases like Parkinson's disease and Alzheimer's disease [5] . Owing to its therapeutic uses, it is considered as one of the most important plants for humans.
Proteomics has been very fruitful in providing new insights into plant biology [6] . Hence, proteomics was also utilized for ginseng to establish its sample preparation, proteomes, and databases. At the time of writing this review, a total of 27 research papers and two review papers were described (Supplementary Table 1 ). The first review was published more than a decade ago [7] , whereas the second one was published around five years ago [8] . This review summarizes all these published research on ginseng (Fig. 1) . Established proteomes and databases highlight the importance of proteomics-based knowledge in better understanding the ginseng biology.
Comparative proteome analysis to distinguish different ginseng species/varieties
East Asia, Central Asia, and North America are major ginseng cultivation areas around the globe ( Fig. 2A) , and most of the ginseng research has been focused on Oriental ginseng (Asian ginseng, Panax ginseng C. A. Meyer), American ginseng (Panax quinquefolius L.), and Japanese ginseng (Panax japonicum C. A. Meyer) [7] . Primarily Oriental ginseng was used for proteomic analysis, and few studies compared Oriental and American ginseng [9, 10] , and/or with Indian ginseng (Withania somnifera L.) [11] .
Comparative proteome analysis of Oriental and American ginseng
Oriental and American ginsengs were first compared using a 2-DE approach [9] . Root (six-year-old) tissue was used due to its medicinal properties; to note most (48% of the total published reports) of the research on ginseng is focused on its roots (Fig. 2B) . A total of 212 and 382 spots were detected on the 2-D gels of American ginseng and Oriental ginseng, respectively, of which 90 were common to both. C1-C3 (18 kDa) and P1-P6 (21-40 kDa) spots were commonly expressed in each of the Oriental ginseng tissues (main root, lateral root, rhizome head, and skin) and American ginseng main root. N-terminal sequencing was performed to identify proteins, and obtained amino acid sequences were searched in Protein DataBank (PDB) and/ or SWISS-PROT by BLAST (basic local alignment search tool). C1 and C2 were identified as ribonuclease (RNase) 1 Most of the studies were focused on the root. Root proteome studies were 48%; studies of leaf and cultured hairy root, stem, and fruit and anther cell were 20, 6, and 3%, respectively. (C) Studies of stress-responsive proteins in the ginseng. Total of 11, 20, 15 , and 36 specific proteins were identified under light, salt, SA (salicylic acid), and cold acclimation and 2, while C3 and P1-P6 spots could not be identified. In addition, two cultivar-specific spots, KM1 (17.5 kDa) in Oriental ginseng and AM1 (20 kDa) in American ginseng, were seen, but no protein ID could be assigned. Next, an SDS-PAGE-based approach compared protein profiles of the primary roots of these two cultivars [10] . Five differential bands were observed on SDS-PAGE with four species-specific bands at *29.98 ± 1.11 and *46.87 ± 2.02 and *12.94 ± 0.65 and *44.63 ± 1.22 kDa in Oriental and American ginseng, respectively.
Comparison of Oriental and Indian ginseng
Indian ginseng (W. sominifera) is an important herb, belonging to the Solanaceae family [12] . Ginsenosides and withanolides are the major secondary metabolites found in Oriental and Indian ginseng, respectively, and interestingly, these two compounds exhibit similar biological properties [13] . Root proteins were isolated from the Oriental ginseng (six-year-old) and the Indian ginseng (four-year-old) and resolved on the 2-D gels (pH 4-7, IEF, and 12%, SDS-PAGE) to reveal 56 unique spots [11] . Thirty-six proteins were identified by MALDI-TOF/ TOF, where 14 proteins were from Oriental ginseng and 22 proteins were from Indian ginseng. Oriental ginseng identified proteins were mainly associated with the general cell metabolism, defense, and secondary metabolism. Of the cell metabolism-related proteins, two were identified as a trigger factor-like protein and an elongation factor Tu (EF-Tu), involved in protein translation. RNaselike storage protein, which provides a nitrogen source but no RNase activity, is a vegetative storage protein (VSP) of ginseng and is believed to be necessary for survival in the natural environment. Other identified proteins, involved in general cell metabolism, included mitochondrial NADH: ubiquinone oxidoreductase, NB-ARC domaincontaining protein, indoleacetic acid-induced protein, and kinesin motor domain-containing protein. The secondary metabolism was identified as an isoflavone synthase that catalyzes the first step of isoflavone biosynthesis. Nucleotide-binding site leucine-rich repeat (NBS-LRR)-like protein, ATPase, and alcohol dehydrogenase (ADH) were identified as defense-related proteins. [14] , and regulates the expression of wound-activated and defense-related genes. The F-box family protein is an important component of the E3 ubiquitin ligase Skp1-Cullin-F-box protein complex, acting as a receptor in plant hormone signaling pathways. However, for lack of genome database, the protein identification ratio has remained low compared to other species. Re-identification will be required to increase the protein identification level using several databases like those obtained from RNA-seq and/or long PacBio [15] .
Tissue-specific proteomics
Proteome profiling of cultured hairy root
Comparative proteomics was also performed to examine the tissue-specific proteins in ginseng main roots and cultured hairy roots (Fig. 2B ). Cultured hairy root (cultured ginseng cell) is derived from the ginseng root tissue induced by Agrobacterium rhizogenes for large-scale production of secondary metabolites like saponins [16] . Cultivation of ginseng is a time-consuming (five to seven years) and labor-intensive process, and the ginseng growth is affected by climate, pathogens, and pests. Therefore, the cultured hairy root might be a potential alternative for cultivated ginseng [17] . Protein profile of cultured hairy root using cell strain (KGHR-8), induced by A. rhizogenes A 4 , was investigated by 2-DE [18, 19] . Approximately 1000 spots were detected, and 40 of 113 selected proteins were identified using MALDI-TOF MS. Identified proteins were involved in energy metabolism, signal transduction, and plant hormone response categories, providing a resource to better understand the physiological and pharmacological effects of the cultured hairy root of ginseng.
Comparative proteome analysis of the main root and cultured hairy root 2-DE protein profiles of main roots (four-year-old) and cultured hairy roots (KGHR-8) were examined following extraction of total proteins by TCA method [20] . Approximately, 660 and 400 protein spots were detected on the 2-D gels of cultured hairy root and the main root, respectively. Among these, 180 spots were common, while 20 and 60 were specific to the cultured hairy root and main root, respectively. This study did not identify the proteins; however, protein abundance patterns of cultured hairy root were quite different from the main root, suggesting a dynamic nature of ginseng root proteome that changes according to the culture condition, growth stages, and external stimulus. 2-DE (pI 3-10, 4-7, and 4.5-5) protein profiles of main root and leaf, from five-year-old Oriental ginseng plants, were compared with the cultured hairy root (KGHR-8) [21] . Although a distinct 2-D gel profile of cultured hairy root and ginseng main root was observed, more than 90 protein spots were commonly detected in 2-D gels of both the samples. Highly abundant main root proteins (20, 21, 26 , and 28 kDa) were not found in the other parts. In case of cultured hairy root, approximately 280 protein spots were detected on the 2-D gel with pI 3-10 and additional 20 spots with pI 4-7 and 4.5-5.5. Among these, 159 major protein spots were selected and identified by MALDI-TOF MS. Only 17 proteins were identified using NCBInr database or ginseng EST (expressed sequence tag) database from Biopia (Kyunggi-do, Korea) and Eugentech (http:// www.eugentech.com/, Daejeon, Korea). Internal sequencing using ESI-Q-TOF MS (electrospray ionization quadrupole time-of-flight mass spectrometry) was performed as an alternative method for increasing the protein identification. Internal amino acid sequences of 102 proteins were analyzed using the ginseng EST databases, and a total of 95 proteins were matched to ginseng EST database, which were mainly related to the stress response (21.7%), energy metabolism (20.8%), unknown (14.1%), protein degradation/synthesis (9.4%), among others.
Proteomic analysis of different parts of ginseng roots
Ginseng roots can be divided as main root, lateral root, rhizome, and skin; interestingly, these parts contain different types of ginsenosides [22] . Therefore, the protein profiles of these four root tissues of Oriental ginseng were compared with the cultured hairy roots. Ginseng roots (sixyear-old) were purchased from the local market and were separated into main roots, lateral roots, rhizome heads, and skins, while cultured hairy roots were obtained from the tissue culture. Total proteins were isolated and resolved on 2-D gels (pI 3-10, 15%) [9] . 2-D gel profile of the main root showed a maximum number of protein spots (382 spots), followed by the lateral root (247 spots), skin (130 spots), and rhizome head (75 spots). Obtained amino acid sequences after N-terminal sequencing were searched in Protein PDB and/or SWISS-PROT databases. Common proteins identified in all parts included C1-C3 (18 kDa) and P1-P6 (21-40 kDa) proteins, of which C1 and C2 were identified as RNase 1 and 2, while others remain unidentified. Majority of the tissue-specific spots were low abundant and were not identified except for the KM1 (17.5 kDa) spot, which was specific to the main root.
Differences in the proteome profiles of the cultured hairy root and main root of ginseng were also examined. A total of 371 spots were detected on the 2-D gel of cultured hairy root, of which 78 spots were common to the main root. C1-C3 spots were detected on 2-D gel of the cultured hairy root, while P1-P6 spots were less prominent. Similarly, a comparative root analysis was also performed with four-year-old American ginseng [23] . Proteins were extracted from four different parts of the ginseng root using TCA/acetone precipitation method and separated by 2-DE. In contrast to the Oriental ginseng, where 2-D gel of rhizome head showed least spots, rhizome head of the American ginseng showed a maximum number of protein spots (398 ± 4.2) followed by the main root (376 ± 0.7), lateral root (353 ± 4.9), and skin (214 ± 6.4). Of these, S1 to S8 were differentially modulated, while S9 to S14 were specific proteins to the four parts. These 14 proteins were analyzed by MALDI-TOF/ TOF MS and searched against NCBInr and ginseng EST database. A total of 11 proteins were identified, which were mainly related to the storage, energy metabolism, stress response, and unknown functions. Using 2-DE gel pattern of lateral root as a reference, S1 and S2 showed decreased abundance in rhizome head and main root and increased abundance in skin; the S1 and S2 were identified as RNase 1 and 2. S4 also showed similar abundance pattern as S1 and S2. S5 remained unchanged in rhizome head and main root but showed increased abundance in skin. S4 and S5 were identified as a nucleoside-diphosphate kinase (NDPKs). S7 showed increased abundance in rhizome head and unchanged in main root and decreased abundance in skin. S10 was specific to rhizome head, while S11 to S14 were specific to the main root. S11 was identified as unnamed protein, while S12-S14 were identified as a RNase-like storage protein. Spot S9, identified as a predicted protein, was specific to the lateral root. These two studies focused on high-abundance proteins, but it is difficult to compare these two studies because only two proteins were identified in Oriental ginseng. Nevertheless, RNase 1 and 2 exhibited similar abundance pattern in both the varieties showing increased abundance in skin and decreased abundance in rhizome head.
Analysis of radix proteome
''Radix'' term is used for the dried roots, which are also sold commercially in markets and used as medicines. The radix proteome of Oriental ginseng was investigated using the CPLLs (combinatorial peptide ligand libraries) technology to capture the entire proteome by diluting highabundance proteins and concentrating low-abundance ones in the three different pH values (2.2, 7.2, and 9.0) [24] . CPLL was originally used for human biological samples but has recently been adopted with other samples such as plants and foodstuffs [25, 26] . CPLL-enriched proteins were resolved on SDS-PAGE, and gel pieces in the range of 15-200 kDa were excised for in-gel digestion with trypsin. Proteins were analyzed by nLC-MS/MS and searched in Panax and Arabidopsis thaliana database, obtained from Uniprot. A total of 152 and 55 proteins were identified in the total extract and CPLL eluate respectively when searched in A. thaliana and P. ginseng databases. The major classes of the identified proteins were structural, oxidoreductase, dehydrogenases, and synthases. A protein interactome map was created with the identified proteins, and 196 nodes and 1554 interactions were described in this map. Authors extended the use of proteomics data to search for bioactive peptides. All identified proteins were in silico digested giving 661 peptides (peptidomics). A total of 95 peptides were identified as bioactive peptides, and particularly six of these were predicted to be antimicrobial.
Fruit proteome analysis
As of today, there is only one proteomics study on the ginseng fruit [27] . Ginseng fruits were found to exhibit higher antioxidant activities than other tissues like leaves and roots. Further, a comparative fruit proteome analysis from four different ginseng cultivars was performed. Four cultivars used were: Yunpoong with violet stems and red fruits, Gumpoong with green stems and yellow fruits, Chunpoong with majorly green stems and orange fruits, and Cheongsun with green stems and red fruits. Total proteins isolated from the fruits using TCA/acetone method were resolved on 2-D gels. More than 400 2-DE protein spots were detected for each ginseng cultivar. A total of 182 proteins of the Cheongsun cultivar were subjected to MALDI-TOF/TOF MS and/or LC-MS/MS identification, followed by database search against an in-house developed RNAseq database, and of which 81 could be successfully identified. Identified proteins were mainly associated with the hydrolase activity, oxidoreductase activity, and metabolic processes. Cell cytoskeleton, senescence, and maturation-related proteins were identified as DEAD/DEAHbox RNA helicase, actin, tubulin, plastid-lipid associated protein (PAP)/fibrillin, vacuolar processing enzyme, major latex protein (MLP)-like protein, and actin depolymerizing factor; these are used for cell expansion during ripening. Glycolysis and TCA cycle were major pathways in the metabolic processes. Proteins related to these processes are involved in providing the necessary energy required for the fruit ripening or cell expansion. Several antioxidant proteins were also identified like peroxiredoxin, probably because fruit ripening is an oxidative process. Other proteins were MDAR, HSP, and cobalamin-independent synthase family protein. The 2-D reference map displays annotation information of several proteins per analyzed proteins ''spot'' and provided type information of proteins by biological categories. Comparative analysis resulted in the identification of 27 differential proteins among four cultivars of which 22 were successfully identified. Integrative analysis coupled with proteomics and metabolomics revealed an association with the production of medicinal compounds; however, further confirmation is required due to limitations in protein identification.
Studies to reveal the effect of growth conditions Wild ginseng versus cultivated ginseng
The wild ginseng is naturally sprouted and grows under harsh environments without artificial intervention. Nowadays, the wild ginseng is rare and most of the ginseng is cultivated in the field. Therefore, ginseng commonly refers to the cultivated ginseng in the field, while forest-cultivated ginseng is cultivated in the forest over the years. As interest in the Korean ginseng has gradually increased, some people have started distributing or selling the Chinese ginseng as false Korean ginseng. These are of the same origin as of P. ginseng, but environmental conditions for growth and compositions are quite different. Therefore, in order to distinguish these cultivated and forest grown ginsengs, comparative root, stem, and leaf proteome analysis were carried out with Korean wild ginseng (twenty-year-old), Chinese forest-cultivated ginseng (ten-year-old), Korean forest-cultivated ginseng (five, and ten-year-old), and Korean ginseng (five-year-old) [28] . Protein profile of the Chinese forest-cultivated ginseng proteins was almost similar to the Korean ginseng. In addition, not many differences were observed in the protein profiles of five years and ten years of Korean forest-cultivated ginseng. In case of root, 10 differentially modulated spots were observed between Chinese and Korean forest-cultivated ginsengs. The cultivated ginseng could also be distinguished from the Korean forest-cultivated ginseng. In case of stem, the Chinese forest-cultivated ginseng was distinguished from the Korean forest-cultivated ginseng with 85% probability using 10 differentially modulated spots. The Korean ginseng could also be distinguished from the Korean forestcultivated ginseng (65%). In the case of leaf, the Chinese forest-cultivated ginseng was distinguished from the Korean forest-cultivated ginseng with 50% probability using 10 differentially modulated spots. The Korean ginseng could also be distinguished from the Korean forest-cultivated ginseng (75%). Nevertheless, this differential diagnosis method had low accuracy. Although proteomics approach is not sufficient to distinguish ginseng cultivars, it can provide a hint of the differences that can be confirmed using other diagnosis methods.
Completely matured ginseng has stable levels of medicinal components. However, there is a remarkable difference in the maturation period of wild and cultivated Oriental ginsengs. While wild ginseng takes more than 30 years to mature completely, cultivated ginseng only needs five to six years. Therefore, in order to check whether there is a difference in the protein profiles of fully matured wild and cultivated ginsengs, a comparative amino acid and proteome profiling was carried out. A total of 14 amino acids including methionine, serine, glycine, threonine, alanine, and lysine were highly accumulated in the wild ginseng (30-year-old) compared with the cultivated ginseng [29] . In contrast, contents of arginine and glutamate were higher in the cultivated ginseng than wild ginseng. Proteomic analysis led to the identification of 14 differential spots which were mainly related to the amino acid metabolism. These proteins were all highly accumulated in the wild ginseng. An iTRAQ approach was also employed to supplement the results obtained from gel-based proteomics. A total of 159 differential proteins were identified of which nine were related to amino acid metabolism, out of which six were highly accumulated in the wild ginseng. Overall, these results indicate that the medicinal amino acids (sulfur containing amino acids, tryptophan, and their derivatives) were highly accumulated in the wild ginseng. Enzymes and intermediate products involved in glycolysis and TCA cycle were also highly accumulated in the wild ginseng; these compounds might support amino acid biosynthesis with material and energy. These data indicate that the wild ginseng contains higher medicinal compounds than cultivated ginseng.
A similar study compared the proteome profile of forestcultivated ginseng (10-, 15-, 20-, and 25-year-old) with the wild ginseng (40-year-old) using a combination of gel-based and gel-free proteomic approaches. Forest-cultivated ginseng showed 47 proteins differential proteins during different growth years. Of these, 31 and 16 manifested increased and decreased abundance, respectively. As LAPs are difficult to detect using 2-DE analysis, iTRAQ analysis was also performed and peptides were analyzed by nano-HPLC-MS/MS searching with TAIR green plants protein database. A total of 145 differentially modulated proteins were identified except unknown proteins. A total of 192 of differential proteins were also identified by 2-DE and iTRAQ using the forest-cultivated ginseng (10, 15, 20 , and 25 years). These proteins were mainly involved in energy metabolism, ginsenosides biosynthesis, and stress response. Protein expression profile of 25-year forest-cultivated ginseng had similar patterns with the wild ginseng, but it had better external morphological and medicinal effect than their younger counterparts [30] .
Different growth period
In general, five-to six-year-old ginsengs are used in traditional medicine because of their high levels of pharmacological components as ginsenosides [31] . Comparative proteomic analysis of one-to five-year ginseng roots was performed to understand protein expression in different growth stages of the ginseng [32] . Growth period of the ginseng is divided into the fast (1-3 years)-and slow (more than 5 years)-growth periods. Pharmacological components in the ginseng increase every year during the fastgrowth period remaining relatively stable during the slowgrowth period. 2-D gel profiles of the different growth stages extracted proteins showed increased number of protein spots with an increase in ginseng growing years. As an example, approximately 600 and 1000 spots were reproducibly detected in the 2-D gels of one and five years grown ginseng, respectively. A total of 83 differentially modulated proteins were analyzed by MALDI-TOF/TOF MS and searched against NCBInr database. Among these, only 50 proteins including 32 and 18 up-and down-regulated proteins were successfully identified in the slowgrowth period. Identified proteins were associated with energy metabolism (37%) and defense (17%). Taken together, these results indicated that ginseng uses its energy to promote root elongation during its fast-growth period, whereas it uses its energy to improve the synthesis of secondary metabolites and stress resistance during its slowgrowth period.
Ginseng major protein (GMP)
Storage organs of the plants like seeds, tubers, and roots are rich in the storage proteins that serve as the primary source of nitrogen and carbon during their germination. In case of ginseng, it is majorly cultivated vegetatively using its primary roots and therefore, it is rich in the storage protein, named as ginseng major protein (GMP) [33] . GMP is composed of two equal subunits of approximately 28 kDa and, being a major protein, is repeatedly identified in the root proteomic analysis. As an example, comparative gelbased proteomic analysis of ginseng main root (five-yearold) and cultured hairy root led to the identification of 14 main root-specific spots and all of those were identified as GMP (SDYPWAM-FALRLQW) either by N-terminal sequencing or by ginseng EST database provided by Biopia (Kyunggi-do, Korea). These GMPs were found to have high homology with plant RNases; however, these did not exhibit RNase activity. As the GMP was present only in the field-cultured ginseng main root and not in the cultured hairy root, it can be concluded that the abundance of the GMP is dependent on the culture conditions [34] . The GMP accumulated during the growth stage may function as vegetative storage proteins (VSPs) for survival in the natural environment. VSPs like sporamin and lectin are also involved in plant defense mechanisms [35] [36] [37] .
Studies to reveal the effect of stress Abiotic stress proteomics
The growth of the ginseng is affected by various environmental factors, such as soil salinity, temperature, and light intensity [38] [39] [40] [41] . A total of six articles were published with stress response, and specific proteins were detected under light, salt, SA, and cold acclimation (Fig. 2C) . Salt stress is one of the major abiotic stresses, affecting the growth and yield of ginseng. Ginseng is cultivated over a long period using high amounts of chemical fertilizers, which are one of the causes of salt accumulation in the fields. There are two studies on the salt stress-responsive proteins of ginseng leaf. Two ginseng lines having saltsensitive (STG3134) and salt-resistant (STG3159) characteristics were used to identify salt-responsive proteins [38] . Ginseng leaves (four-year-old) were detached and were placed in the salt solution (5 dS/m) for seven days. Using 2-DE, 468 protein sports were detected, where 23 differential sports were subjected to MALDI-TOF MS and ESI-Q-TOF, followed by search of acquired spectra against the NCBI database. Of these, 15 showed increased abundance and eight showed decreased abundance after salt treatment. A total of 12 proteins were identified, where nine and three (isoflavone reductase and two RuBisCO activases) proteins were highly induced in salt-resistant and salt-sensitive cultivars, respectively. These proteins were mainly related to the photosynthesis, detoxification, and defense. Defenserelated proteins like b-1,3-glucanase and ribonuclease-like storage protein were highly induced in salt-resistant line, indicating their key involvement in salt stress tolerance. Another study was carried out with a major aim to identify the salinity stress-specific biomarkers [39] . Ginseng plants (four-year-old) were exposed to salt stress (5 dS/m) and harvested at 0, 6, 12, and 18 h after exposure. A total of eight differential proteins were identified using MALDI-TOF/TOF MS and/or LC-MS/MS with the NCBI database, which might act as biomarkers for breeding selection.
Ginseng is a shade-loving plant and grows under light restricted to a 5-20% range of full sunlight. Therefore, the effect of light intensity was also investigated on the growth of ginseng [42] . Oriental ginseng (four-year-old) was grown under high light conditions (1700 lmol photons m -2 s -2
), and proteins were extracted after 0, 1, 2, and 4 h of exposure. Approximately, 680 protein spots were detected on the 2-D gel and 230 spots were excised for identification using ESI-Q-TOF MS with ginseng EST database. A total of 147 proteins were successfully identified and were mainly involved in energy metabolism, protein stabilization, and protection against oxidative stress.
Plant breeding mostly requires several years and adequate facilities, particularly for the ginseng. Therefore, anther tissue culture is a commonly used technique for the haploid breeding of the ginseng [43] . Cryopreservation is the optimum method to store callus germplasm because of its safety, stability, and long-term storage possibilities [43] . In this process, acclimation is a vital step for reversible adjustment in a frozen environment without many biochemical changes [44] . Therefore, molecular adaptation mechanisms of callus to the low-temperature exposure were explored using proteomics [41] . Anther callus of the ginseng was cultured at optimal temperature (25°C) for 15 days, subjected to cold acclimation at 4°C for 7, 14, 21, and 28 days, and callus survival rates were examined. Anther callus with 14-day treatment showed highest survival rate among others. Therefore, using this time point as a reference, proteins were extracted from control-and coldacclimated (14 days) anther callus and separated on the 2-D gels. A total of 43 differentially modulated spots were subjected to protein identification of which 36 were successfully identified by MALDI-TOF/TOF MS with the NCBI database. These proteins were found to be associated with the carbohydrate metabolism, amino acid, protein biogenesis and degradation, and stress response, and defense. These proteins might play important roles like enhancement of stress response, organic mechanism, and ATP synthesis in the adaptation to low temperature. Key proteins such as ascorbate peroxidase, SAM (S-adenosylmethionine), thioredoxin-dependent peroxidase, and 14-3-3-like protein are involved in controlling oxygen toxicity and low-temperature stress. Taken together, this study provided insight into the molecular adaptation mechanism of anther callus which underwent low-temperature acclimation [41] .
Salicylic acid (SA) plays a central role in enhancing the plant's resistance to stress [45] . SA induces antioxidant enzyme activities and accumulation of pathogenesis-related and other defense-related genes [46] . Therefore, the effects of SA on cultured hairy root of ginseng use a proteomics approach [47] . Cultured hairy roots, induced from surface-sterilized roots (two-year-old), were treated with 1 mM SA and harvested after 48 h. Proteins were extracted using the phenol extraction method and separated on the 2-D gels. A total of 690 ± 14 of spots were detected, and 15 of 23 differential proteins were identified by MALDI-TOF MS with the NCBI database. These proteins were involved in defense and metabolism, energy metabolism, signal transduction/transcription, protein synthesis and metabolism, and photosynthesis. Chaperonin 60 (Cpn60, aka Hsp60), which is related to the defense and stress response, was increased in abundance in the cultured hairy root after SA treatment, while vacuolar ATPase subunit B was newly induced. All of the abiotic stress identified proteins from ginseng are enlisted in Supplementary  Table 2 .
Biotic stress proteomics
Biotic stress is another major factor limiting growth and quality of the ginseng. Ginseng root rot triggered by virus, nematode, and fungus pathogens causes considerable damage to the ginseng productivity. Of these, damages triggered by fungi like Fusarium solani and Cylindrocarpon destructans are becoming a serious threat to ginseng growth [48] . Infection with fungus causes ginseng rot roots with the destruction of internal root structure and organization. Therefore, the effects of ginseng root rot disease induced by F. solani using Panax pseudo-ginseng var. notoginseng as experimental material were examined by SDS-PAGE [49] . The amount of extracted proteins from infected ginseng was less than the healthy ginseng. Four specific bands with one specific to healthy root (28.9 kDa) and others specific to infected root (25, 25.6, and 28.5 kDa) were detected on the SDS-PAGE. These protein bands could be identified in future to reveal their proteins.
Ginseng database
Complete genome sequencing is required for highthroughput screening of the proteome [50] . However, ginseng genome sequencing project is still to be completed. Most of the studies carried out to date have a low protein identification rate owing to lack of the genome database.
Even a combined use of an EST database and peptide mass fingerprinting has proven to be inefficient for ginseng proteome analysis (less than 10.7% identification rate). However, a combined analysis, using both internal sequences from MS/MS spectra and an EST sequence database, offers an efficient and accurate protein identification method for ginseng proteome analysis (85.6% identification rate) [21] .
Conclusion
Ginseng is one of the well known, ancient, and sought after medicinal plants, and therefore, it has always been a hot topic of research. Advancements in protein isolation, fractionation, and identification methods have led to the study of ginseng biology. Proteome analysis has been attempted using almost all the ginseng tissues, with a major focus on main roots, and has provided valuable, yet limited information. Because of the lack of ginseng genome database, identification of ginseng proteins remained highly challenging and therefore, not much information has yet been obtained on ginseng proteome. Future efforts should be focused on the development of ginseng genome database or even an RNA-seq-based database to increase the protein identification ratio from ginseng tissues. Moreover, identification of novel proteins related to the biosynthesis of secondary metabolites would help in understanding the medicinal properties of ginseng in greater detail.
